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Significant strain dependence of piezoelectric constants in InxGa1ÀxNÕGaN quantum wells
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Using hydrostatic pressure to modify the strain in InxGa12xN/GaN quantum wells we show an almost
twofold increase of the built-in piezoelectric field in the wells from 1.4 MV/cm at atmospheric pressure to 2.6
MV/cm at 8.7 GPa. An analysis in terms of the total strain generated by the pressure suggests that the increase
in the field arises from a significant dependence of the piezoelectric constants on strain.
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Piezoelectric fields (Fpz) strongly affect the electrical an
optical characteristics of GaN-based heterostructures
wurtzite lattice configuration. In light emitting devices sp
cifically, piezoelectric fields are held responsible for the
duction in the emission efficiency and increase of the la
diode threshold current.1 Recent calculations have show
that theFpz in InxGa12xN/GaN heterostructures could be
large as 1 MV/cm,1 while values of the field obtained from
experiments show a strikingly wide variation from 0.55
1.08 MV/cm for samples of similar geometry an
composition.2,3 Quantifying the piezoelectric field in
InxGa12xN/GaN heterostructures requires the knowledge
the strain state, sample geometry, as well as piezoele
constants. While the strains and sample geometry can
accurately determined, the piezoelectric constants are
generally known for the ternary compounds and are typic
interpolated from binary constituents.1,4 This approach, how-
ever, ignores the effect that microscopic strains associ
with alloy mixing and macroscopic strains produced by
lattice mismatch may have on these parameters.

Piezoelectric constants in semiconductors with wurtz
lattice configuration can be expressed in terms of the
plane strain«xx ~assumed to be equal to«yy!, and the strain
along thec axis,«zz as5

e315e31
~0!1

4eZ*

)a0
2

du

d«xx
, ~1!

e335e33
~0!1

4eZ*

)a0
2

du

d«zz
, ~2!

wheree31
(0) ,e33

(0) are the clamped-ion terms that represent
effects of strain on the electronic structure, and the sec
term in Eqs.~1! and~2! is the contribution resulting from the
relative displacement of the anion and cation sublattices~in-
ternal strain term!. The other quantities in Eqs.~1! and ~2!
are the Born effective charge along thec axis,Z* , the equi-
librium lattice constanta0 , and the internal parameteru
@anion-cation bond length along the~0001! axis in units of
c#. Shimadaet al.6 evaluated the sensitivity of both th
clamped-ion and internal strain terms to the applied strain
GaN, BN, and AlN for the specific case of deviatoric~vol-
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ume conserving! strain.7 They predicted that in all of thes
materials the piezoelectric constants vary significantly w
the deviatoric strain. In GaN, for example,e33 reduces from
0.63 C/m2 at equilibrium to 0.23 C/m2 at «zz50.02, while
e31 changes from20.32 to 20.48 C/m2 in the same strain
range. As also shown in Ref. 6, the major contribution to
strain variation ofe33 in GaN comes from the second term
Eq. ~2!, while e31 experiences comparable contributions fro
both terms in Eq.~1!. This significant strain dependence
the piezoelectric constants in III nitrides is expected to p
duce strong nonlinear piezoelectric effect.6,8

In this work we investigate the effect of macroscop
strain on the piezoelectric constants of InxGa12xN/GaN
quantum wells~QWs!. We accomplish this by determinin
the magnitude of the piezoelectric field at different stra
states generated by applying hydrostatic pressure~p!. The
signature of a nonlinear piezoelectric effect is obtained fr
the pressure rate of change of the photoluminescence~PL!
peak energy (dE/dp), which decreases as the well widt
increases, and from the increase in the PL decay time.Fpz
determined from the slope of the variation of the PL pe
energy versus well width at each pressure is found to
crease from 1.4 MV/cm at atmospheric pressure to
MV/cm at 8.7 GPa. Analysis of the pressure-induced str
suggests that this almost twofold increase inFpz is due to
changes in the piezoelectric constants with strain.

The QW structures studied in this work were grown
metal-organic chemical vapor deposition on~0001! sapphire
substrates. Each sample has four identical quantum w
with indium composition of;15%, and well widths of 2.5,
3.1, and 3.8 nm, respectively. The barriers are GaN, 12.5
thick. The QW regions are grown on 3.5-mm GaN layers.

The PL was excited by the third harmonic of a mod
locked Ti:sapphire laser at 270 nm. The PL emission w
collected in a backscattering geometry and detected wi
0.25 m spectrometer and liquid nitrogen cooled charge c
pling device camera. Time-resolved PL measurements w
obtained with a fast photomultiplier tube and digital oscill
scope in accumulation mode. The time resolution of t
combination is;0.8 ns. For the high-pressure PL measu
ments 70370330mm samples were loaded in a gasket
©2001 The American Physical Society08-1
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diamond-anvil cell filled with liquid Ar. Pressure was in
creased at room temperature, while all measurements w
done at 35 K.

Figure 1~a! shows the pressure shift of the InxGa12xN
QW emission peak in the samples with different well wid
We notice that for all well widths the QW emission pe
shifts with pressure at a much smaller rate than that of G
shown in Fig. 1~b!. We also notice thatdE/dp increases
from an outstandingly low value of 1.6 meV/GPa in the 3
nm wells to 10.3 meV/GPa in the 3.1 nm wells, and to 1
meV/GPa in the narrowest 2.5 nm wells. The measurem
of Fig. 1~a! were obtained at a relatively low optical excit
tion intensity of 2 W/cm2. At this fluence and up to;10
W/cm2 the PL peak energy did not blueshift appreciably d
to the screening of built-in electric field by the photogen
ated carriers. At higher excitation intensity, instead, a scre
ing of the field results in the blueshift of the emission pea
which significantly modifiesdE/dp. At the maximum exci-
tation intensity of 200 W/cm2 thedE/dp increases by 570%
for the wide well sample, while only a 14% increase is o
tained for the narrow well sample@Fig. 1~b!#.

The QW PL emission decay time constants measured
spectral interval within 20 meV from the PL peak at differe
pressures are shown in Fig. 2. The decay time in the 3.1-
2.5-nm QW samples increases with pressure; the incre
being more pronounced in the 3.1-nm wells structure. De
times in the 3.8-nm wells were too long to be accurat
measured with our experimental apparatus. The decay ti
of the InxGa12xN samples are a measure of the radiat
lifetime, which dominates over the nonradiative lifetime,
can be assessed from the invariance of the integrated
intensity with pressure.

The behavior of the QW PL peak energy and decay ti
with pressure can be explained by considering that pres
changes the total strain in the QW structures and that
significantly affectsFpz in the wells.9 To determine the strain
in the QWs at each pressure we add to the lattice mism
strain a term corresponding to the elastic strain generate

FIG. 1. Pressure dependence of the PL peaks in InxGa12xN/GaN
QWs and GaN layers at 2 W/cm2 ~a!, and at 200 W/cm2 ~b! exci-
tation intensity. Data points are fitted with straight lines for t
QWs and with second-order polynomial for GaN to determine
pressure rate of change,dE/dp, shown above each line.
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the pressure. Since the lattice mismatch between the sap
and the GaN is accommodated by the low-temperat
grown nucleation layer deposited between the GaN bu
and the substrate,10,11we regard the GaN buffer as essentia
stress-free before imposing the pressure. In addition, s
the buffer and the GaN barriers are much thicker than
InxGa12xN wells, the in-plane lattice mismatch is accomm
dated mainly by the InxGa12xN layers. As a consequence
if we assume no plastic relaxation in the QWs, the elas
strain in the QWs without pressure is essentially determi
as «xx

mism5(aGaN2aInxGa12xN)/aInxGa12xN , where aGaN

53.189 Å andaInxGa12xN53.241 Å are the lattice constant

of free-standing GaN and InxGa12xN films.12 In the calcula-
tion of the pressure-induced strains, however, the sapp
substrate cannot be ignored. Being the thickest elemen
the structures, the 30-mm-thick sapphire layer drives th
changes of the in-plane strain with pressure.10 This condition
determines the pressure-induced in-plane strain compon
«xx(p) and«yy(p) to be the same in the sapphire substra
GaN, and InxGa12xN layers. Assuming a quasihexagon
symmetry of the substrate, which is justified sinceC145
223 GPa is almost an order of magnitude smaller than
other elements of the stiffness tensor of sapphire,13 the total
in-plane strain in the wells is given by

«xx
w ~p!5«xx

mism1
C132C33

~C111C12!C3322C13
2 p

520.015920.001 27p, ~3!

whereC11, C12, C13, andC33 are the elastic stiffness con
stants of sapphire, andp is the applied pressure in GPa. Th
second term in Eq.~3! is the pressure-induced in-plan
strain.14 The total in-plane strain in the GaN barriers«xx

b is
simply given by the second term in Eq.~3!.

The total strain in the growth direction for the wells an
GaN barriers can be obtained from the stress-strain rela
considering continuity of stresss52p at the interfaces be
tween different layers.14 For the barriers we obtain

e

FIG. 2. Decay time constant of the QW PL as a function
applied pressure. Decay constants are obtained with a least-sq
single exponential fit to the measured decays. The solid lines s
the carrier lifetime change with pressure calculated from the exp
mentally determined piezoelectric fields.
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«zz
b ~p!5

2p22C13
GaN«xx~p!

C33
GaN 520.001 84p, ~4!

and for the InxGa12xN wells:

«zz
w ~p!522

C13
InxGa12xN

C33
InxGa12xN «xx

mism2
p12C13

InxGa12xN
«xx~p!

C33
InxGa12xN

50.008 9020.001 98p. ~5!

The terms proportional toC13/C33 in Eqs. ~4! and ~5! ac-
count for the Poisson effect induced by the in-plane stra
The elastic stiffness constants of GaN and InN were ta
from Refs. 15 and 16, respectively, and the InxGa12xN con-
stants were obtained from these values using linear inte
lation. The results of the analytical calculations of strain
ported here have been verified by numerical calculati
with finite element method.

Using strains obtained in Eqs.~3! and ~5! the InxGa12xN
band-gap change with pressure is calculated as17

DEg~p!5D«zz
w ~p!~az2D12D3!12D«xx

w ~p!~ax2D22D4!

50.0387p @eV#, ~6!

where the deformation potentials for InxGa12xN az2D1
525.80 eV, ax2D2529.18 eV, D355.63 eV, and D4
522.85 eV were found by linear interpolation between t
deformation potentials of GaN and InN.17 An additional
small variation ofEg with pressure comes from the pressu
dependence of the electron effective mass,18 and band offsets
in the wells. Considering these effects the band-gap shif
the InxGa12xN wells is found to beDEg(p)50.0382p eV
corresponding todE/dp50.0382 eV/GPa. Thus, in the ab
sence of strain-dependent piezoelectric fields,dE/dp for the
15% In composition wells should not significantly vary
the different well-width samples and should be similar to t
of GaN.

Next we show that the large variation ofdE/dp with well
width arises due to the increase ofFpz in the quantum wells
with pressure. An increasing field results in a band-gap r
shift of ;qFpzLw , whereq is the electron charge andLw is
the well width ~quantum confined Stark effect!.19 At suffi-
ciently large electric fields and for the relatively wide we
the field almost exclusively controls the slope of the we
width dependence of the PL peak energy.8,20 This is the case
for our samples, as can be assessed from the comparis
the linear fit to the atmospheric pressure PL~solid line in Fig.
3! with that obtained using envelope-function calculation
the QW transitions~dashed line in Fig. 3!, from which the
electric field is found to be;1.4 MV/cm. At higher pres-
sures where theFpz is larger the accuracy of the linear fi
becomes even greater.

In Fig. 4 we have plotted the variation ofFpz with pres-
sure, obtained from the analysis described above. On the
axis we show the total strain in the wells produced by
applied pressure, found with Eqs.~3! and ~5!. Fpz increases
from 1.4 MV/cm to 2.6 MV/cm in;9 GPa. Also shown in
Fig. 4 ~open symbols! is Fpz extracted directly from the Star
shift of the QW PL peak energy with respect to the predic
bandgap behavior of InxGa12xN calculated above@Eq. ~6!#.
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The agreement between the two methods is remarkable
confirms that the smalldE/dp measured in InxGa12xN QWs
are due to the dramatic increase ofFpz with pressure. These
results confirm our recent interpretation of the anomalo
pressure behavior of the emission peak observed
InxGa12xN/GaN QWs with Si-doped barriers.9 An increasing
Fpz with pressure also explains the behavior ofdE/dp at
different excitation intensities. At high optical excitationFpz
in the wells is partially screened out by the large density
photogenerated carriers, and thus the Stark shift of the

FIG. 3. PL peak energy as a function of well width at differe
applied pressures. The solid lines are linear fits whose slopes
vide the magnitude ofFpz at each pressure. The dashed line is t
best fit to the atmospheric pressure data obtained by calcula
e1-hh1 transition energy with varied transverse electric field. T
field strength and energy offset were used as adjustable param
The best fit was obtained forFpz'1.4 MV/cm.

FIG. 4. Pressure dependence ofFpz in quantum wells. Dotted
line—calculated assuming no strain dependence of piezoele
constants; solid line—calculated considering only the deviato
strain dependence of the constants given in Ref. 6; s
diamonds—data of Fig. 3~dashed line is a polynomial fit to the dat
points!; open symbols—obtained from the Stark shift of PL pea
8-3
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peak energy is smaller compared to that in the low excita
regime, leading to a largerdE/dp. Because the Stark shift i
well-width dependent, the changes indE/dp with excitation
intensity are more significant in the wider wells than in t
narrower wells. The increase indE/dp with excitation fol-
lows the nearly quadratic dependence of the Stark shift
the electric field.19

The increase ofFpz also explains the increase in the P
decay time with pressure. Using the values ofFpz of Fig. 4
we calculated the variation of the carrier lifetime with pre
sure for the QWs of different widths. The radiative lifetim
was found as the inverse of the square of the electron-
wave-function overlap in the wells with applied transver
electric field. The results of this calculation normalized to t
value of the decay time measured in the 2.5 nm well
atmospheric pressure are shown by the solid line in Fig
Excellent agreement is obtained between the experimen
measured decays and the calculated lifetime. The carrier
time behavior in the QW samples contrasts with that m
sured in an unstrained thick InxGa12xN epilayer, where the
lifetime is found to slightly decrease with pressure.9

To investigate the origin of the increase inFpz with pres-
sure we calculated the field for two conditions:~a! strain-
independent piezoelectric constants, and~b! deviatoric strain
dependent piezoelectric constants. TheFpz was calculated
as1

Fpz5Lb~Pb2Pw!/~Lbew1Lweb!, ~7!

whereew,b are the permittivities of the InxGa12xN well and
GaN barrier, andLw,b are the well and the barrier widths
The piezoelectric polarizations in the well and in the barr
are found as

Pw,b5e33
w,b«zz

w,b~p!12e31
w,b«xx

w,b~p!. ~8!

The resulting variation ofFpz for the 3.1 nm wells fore33
w,b

50.63 C/m2 and e31
w,b520.32 C/m2 ~Ref. 6! for case~a! is

shown by the dotted line in Fig. 4. This calculation sho
that if strain does not affect the piezoelectric constants,Fpz
would slightly decrease with pressure. We therefore concl
that the only way to reproduce the experimentally obser
. B

s.

hy

p
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pressure dependence of the field is by considering a str
dependence of the piezoelectric constants on strain, i.e
nonlinear piezoelectric effect. We then calculated t
changes inFpz that arise from changes of piezoelectric co
stants with deviatoric strain. We use the strain dependenc
the piezoelectric constants of GaN given in Ref. 6 both
the GaN barriers and InxGa12xN wells, as the dependence o
the piezoelectric constants in InxGa12xN on strain is not
available. The piezoelectric field obtained in this way
shown by the solid line in Fig. 4. AlthoughFpz in this case
significantly increases with pressure it falls short of the e
perimental values. This result clearly shows that dilatation
as well as deviatoric strain, significantly affect the piezoel
tric response of InxGa12xN/GaN QWs.

The modification of the piezoelectric constants with stra
revealed from these experiments is also present
InxGa12xN/GaN QWs in the absence of pressure, due to
lattice mismatch strain. While the in-plane strain compone
«xx in both cases are comparable in the typical range
indium compositions of 10–20 %, the strain generated by
lattice mismatch in the growth direction«zz has a positive
sign, as opposed to the strain produced by the pressure~Fig.
4!. This difference affects the relative contribution of th
deviatoric and dilatational components of strain, and the
fore the specific strain dependence of the piezoelectric fi
which still awaits its investigation.

In conclusion, we have determined the piezoelectric fi
in InxGa12xN/GaN quantum wells of different width for dif-
ferent strain conditions. An almost twofold increase of t
piezoelectric field in;9 GPa is shown to be the result of th
strong dependence of the piezoelectric constants with t
strain, i.e., nonlinear piezoelectric effect. We show that bo
dilatational and deviatoric strain components, contribute
such effect.
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